The most commonly documented morphological response across many taxa to climatic variation across their range follows Bergmann's rule, which predicts larger body size in colder climates. In observational data from wild zebra finches breeding across a range of temperatures in the spring and summer, we show that this relationship appears to be driven by the negative effect of high temperatures during development. This idea was then experimentally tested on zebra finches breeding in temperature-controlled climates in the laboratory. These experiments confirmed that those individualso produced in a hot environment (30°C) were smaller than those produced in cool conditions (18°C). Our results suggest a proximate causal link between temperature and body size and suggest that a hotter climate during breeding periods could drive significant changes in morphology within and between populations. This effect could account for much of the variation in body size that drives the well-observed patterns first described by Bergmann and that is still largely attributed to selection on adult body size during cold winters. The climate-dependent developmental plasticity that we have demonstrated is an important component in understanding how endotherms may be affected by climate change.
Introduction
Since the publication of Bergmann's rule in 1847 (Bergmann, 1847) , over a century of observational studies have supported the pattern of endothermic animals having larger body size in colder climates in a majority of hundreds of species (Mayr, 1956; James, 1970; Ashton et al., 2000; Ashton, 2002; Meiri & Dayan, 2003; Millien et al., 2006; Clauss et al., 2013; Teplitsky & Millien, 2014) . To date, many studies still cite Bergmann's original explanation that larger body size is favoured by natural selection in colder climates because of the thermoregulatory benefits of a smaller volume-to-surface area ratio (Briscoe et al., 2015; Cardilini et al., 2016; Salewski & Watt, 2017) . In hotter climates, smaller body size can also be advantageous to thermoregulation (Partridge & Coyne, 1997) , even though the benefits of minor changes in body size within species have been questioned for over 40 years (Scholander, 1955; McNab, 1971) . Understanding the phenomena underlying Bergmann's rule has gained fresh impetus as part of the study of the effects of a changing climate on animal populations (Millien et al., 2006; Gardner et al., 2011) due to climate change shifting evolutionary trajectories (Siepielski et al., 2017) . There is abundant evidence of the intuitive direct effects of environmental temperatures on growth and developmental plasticity in ectotherms (Walters & Hassall, 2006; Zuo et al., 2012) . However, as endotherms maintain their body temperature within a fairly narrow thermal range, traditionally, it has seemed less intuitive that they would be directly affected by climatic conditions. As such, the most widely cited reason for clinal relationships in body size is selection (Ashton et al., 2000) .
The initially neglected alternative explanation, that temporal changes in body size are largely the result of temperature-mediated plasticity in growth rather than selection, is now gaining traction (Teplitsky et al., 2008; Van Buskirk et al., 2010; Yom-Tov & Geffen, 2011) , but support remains limited by a lack of experimental evidence (Stillwell, 2010; Knudsen et al., 2011; Boutin & Lane, 2014; Gienapp & Meril€ a, 2014; Meril€ a & Hendry, 2014) . Although birds are endothermic, they can become heat-stressed when they are unable to balance the production and loss of heat (Calder, 1964) , and even short periods of high temperature can promote the excessive production of reactive oxygen species (Lin et al., 2008) and changes in the oxidative status of an individual (Costantini et al., 2012) . Nestlings of altricial species are particularly vulnerable to heat stress because they are at a sensitive stage in their development; are poikilothermic (with variable body temperature) up to about 5 days of age; and confined to a nest that may become hotter than ambient conditions due to its position. For example, nests of the zebra finch, Taeniopygia guttata, in the Australian desert were typically several degrees hotter than ambient conditions and internal nest temperatures occasionally exceeded 50°C (Griffith et al., 2016) . In a recent study, Wada et al. (2015) demonstrated long-lasting effects of high and low suboptimal incubation temperatures on survival, physiological function and body mass in this same species in the laboratory, indicating a sensitivity to environmental temperatures.
A classic example of clinal variation in avian body size was previously demonstrated in both North America and Europe populations of the house sparrow, Passer domesticus (Johnston & Selander, 1964 , 1973 Murphy, 1985) . If winter survival is the selective force responsible for this geographical pattern as predicted by Bergmann's rule, body size should be best explained by winter minimum temperature. In addition to clinal variation across latitudes, historical declines in body size in a number of avian species have been linked to increasing temperatures consistent with climate change (Gardner et al., 2009; Van Buskirk et al., 2010) . Although the changing climate will raise winter minimums, it will also lead to higher temperatures during avian breeding seasons (Knutti & Sedl a cek, 2013) and that could result in reduced body size during development.
Experimentally testing the effect of environmental temperature on development in endotherms has rarely been conducted, with two previous laboratory studies of mammals (Barnett & Dickson, 1984; Riek & Geiser, 2012) , and none of post-natal birds (Teplitsky & Millien, 2014) . Here, we used an endemic Australian passerine that is amenable to intensive study in the field and laboratory, the zebra finch, Taeniopygia guttata, to test the hypothesis that high temperatures during post-natal development impact growth and the final adult body size.
The only previous examination of clinal variation in the zebra finch across a latitudinal gradient in Australia provides some weak evidence that is consistent with Bergmann's rule (a nonsignificant cline in wing length across its extensive latitudinal distribution; P = 0.07, R 2 = 0.09, n = 37, see Higgins et al., 2006) . The zebra finch is highly mobile with no apparent genetic structure across the Australian continent (Balakrishnan & Edwards, 2009) , and consequently, adults captured at any location might have developed under a different climate to that in which they are caught. However, at any particular location, zebra finches breed across many months of the year, and at a population level, the developing young from successive broods hatched from late winter to late summer are exposed to a substantial range of weather conditions with maximum daily nest temperatures ranging from below 15°C to above 40°C in a field study of nest temperature during breeding (Griffith et al., 2016) . The zebra finch therefore provides the opportunity to address the consequence of climatic variation during breeding through a observational study in the field, across a range of weather conditions, at a single site. Furthermore, they are relatively easy to breed in captivity and this permits the experimental study of climatic effects in controlled climate laboratory conditions, which can remove confounding effects of parental, seasonal and other environmental variation.
Materials and methods
Wild zebra finch nestlings (n = 901 nestlings) were measured at Fowlers Gap Arid Zone Research Station, Western NSW, Australia, over three consecutive breeding seasons in 2007, 2008 and 2009 . Nest boxes were checked every one to 3 days to record laying, hatching and fledging dates, as well as clutch size and brood size. When nestlings were 1-3 days old, half of the nestlings in each brood were cross-fostered between two or three nests hatched within 2 days of each other to facilitate brood size manipulations (under Animal Ethics Approval ARA ARA2007/038; further details in Mariette & Griffith, 2013 ). All surviving nestlings were then measured and weighed shortly before fledging, at about 12 days old (mean days old = 12.54 AE 1.00 SD). We were limited to measuring tarsus at that point because nestlings will emerge from the nest prematurely if disturbed after around day 14, and given their mobility after fledging, we rarely recapture offspring measured in the nest as adults.
Captive zebra finches were reared under controlled conditions at Macquarie University (under Animal Ethics approval ARA 2013/029). In short, 24 pairs of domestically bred zebra finches were force paired and singly housed (70 9 47 9 30 cm cages) in temperature-controlled rooms using a repeat-breeding experimental design. Rooms were then set to 18°C or 30°C (the 12 pairs in each treatment were swapped to the opposite treatment after the first breeding attempt) for 2 weeks prior to giving the birds two 13.5 9 15 cm rattan nests and nesting material (November grass, white cotton thread and emu feathers). The first clutch that each pair laid was removed once it was completed (for other work), and each pair were then allowed to lay a second clutch that they were left to rear. Birds were exposed to the experimental temperature and supplemented food (green pea-spinach mash with hard-boiled egg, and sprouted seed) for 4 weeks before laying the clutch of eggs that produced chicks for this study. Chicks were reared and maintained at the experimental temperature for at least 35-days post-hatch, at which time they were moved to a 25°C holding room. Morphological measures were taken at post-hatch day 12, 28 and over 90 days for the final adult offspring measure. Adult offspring measurements were taken for all birds at the same time in the 25°C holding rooms. After the completion of a whole reproductive attempt at 18°C or 30°C, pairs were switched to the other temperature and the whole procedure was repeated. As usual for this species in captivity , some pairs failed to breed in either one of the trials, and therefore, only sixteen pairs successfully bred at both temperatures and were used in the models to test the effect of temperature on growth. The analysis is therefore a within-family balanced design. Nine of the pairs bred at 18°C first and then 30°C, and the other seven pairs bred in the hot conditions first.
Tarsus length and mass were recorded for both wild and captive zebra finches using the same method. Tarsus length was measured on the right leg, from the bottom of the tarsus with the toes bent forward to the ankle joint. Body mass was taken to the nearest 0.1 g using a Pesola spring scale. Tarsus length is the most widely applied measure of skeletal size in passerine birds, and body mass relates to overall size as well as being more indicative of condition in passerine birds. The two measures, tarsus and body mass, therefore both provide information on body size, but in slightly different ways. All wild and captive zebra finch measurements were taken by a single measurer (wild:
Climate data for wild zebra finches
Daily temperature data for the Fowlers Gap research station were extracted from the Australian Water Availability Project (Jones et al., 2009 ) website (www.csiro.au/awap). We estimated both the mean maximum and minimum temperatures experienced by each nestling during development, from hatching to 10 days old. To do so, we calculated the average daily maximum and average daily minimum temperatures for that 10-day period, from the hatching date of each individual nestling in the data set. These two variables were highly correlated (R 2 = 0.78) so all further analyses just use maximum temperature as a predictor.
Data analysis
All statistical analyses were carried out using the R statistical program, version 3.3.1 (R Core Team 2017). All R code and data to replicate our main results are provided as Appendices S1 and S2.
For the wild zebra finch data, we predicted that body size would be smaller when nestlings developed during hot weather periods. To test this hypothesis, we used linear mixed models (LMM) fitted using the R package lme4 (Bates et al., 2015) . For the LMM's, P-values and degrees of freedom were calculated by the R package lmerTest (Kuznetsova et al., 2016) when running models using lme4. Predictors in the model were mean maximum temperature during development, brood size (number of chicks after cross-fostering) and age (days since hatching) as continuous fixed effects (the breeding season between years was also trialled as a fixed effect). The continuous fixed effect of offspring age on the day of measurement was included to account for its confounding effect on size. The temperatures recorded for broods within months also increased from August to December as we would expect (estimate = 2.299, t 9 = 3.915, P = 0.004, R 2 = 0.630) meaning the two variables of month and temperature are conflated and were therefore not included in the same model. As broods were cross-fostered in this study, we used genetic clutch ID (broad-sense heritability) and foster nest box (common environment and parental care) as random factors with independent intercepts. These two random effects allowed the models to account for the genetic and environmental effects on growth that are not explained by the included fixed effects. Interclass correlation coefficient (ICC) was also calculated for the random effects to describe how much variation is explained by them (Nakagawa & Schielzeth, 2010) . Statistics such as ICC, R 2 and narrow sense heritability (h 2 ) all estimate the proportion of the variance in the response variable that is explained by a fixed or random effect (Nakagawa & Schielzeth, 2013) . Because it is a proportion, it can be compared between similar models such as our LMM that share the same fixed and random effects. To calculate the proportion of variance explained by random factors, the residual variance and variance explained by fixed effects (known as Marginal R 2 ) need to be included. As a result, the total variance explained by the model can also be calculated which is called the Conditional R 2 (Nakagawa & Schielzeth, 2013) . We report the Marginal (fixed effects) and Conditional (total model) R 2 for all models. We also ran models for tarsus and mass with a reduced data set that included only pairs that had two clutches recorded. These models had the same fixed effects and the random factor of clutch ID, which had random slopes and intercepts using the interaction between the fixed effect of temperature and clutch ID. Sometimes both parents were not tagged (see methods Mariette & Griffith, 2013) so if an individual was observed breeding twice in the same season with an unknown partner, we assumed it was the same pair of birds. Paternity was not considered in this study because extra pair paternity is low in wild populations of zebra finch and accounts for only about 2% of nestlings (Griffith et al., 2010) .
To compare the predictive power of individual fixed effects, we use semi-partial correlations for all our main models (Schielzeth, 2010) . Semi-partial correlations scale the response and predictor variables so the mean is 0 and the standard deviation is 1. This scaling results in estimates that are known as semi-partial correlations (from here on abbreviated to semi-partial r) and are relatable to estimates of other response variable within and between models. However, all P values and t values remain unchanged due to scaling. Scaling also allows for binary variables, such as sex here, to be coded as À1 and 1 which allows these binary factors to be directly compared to other continuous variables (Schielzeth, 2010) .
For the captive zebra finch study, temperature treatment and brood size were used as fixed effects. Breeding pair ID was used as a random effect with random intercepts and slopes using the interaction between temperature and pair ID. The interaction can be used because each pair reared a clutch at both temperatures due to the repeat-breeding experimental design, and the interaction should improve the estimate of the main effect of temperature. Clutch order was not a significant factor in the model and did not change the temperature result so was excluded to simplify the model. Calculating ICC, Marginal R 2 and Conditional R 2 for random slope models is different from models with just random intercepts. See Johnson (2014) for a description of the method and the Appendix S2 for examples.
Results

Wild zebra finch nestling size
In an analysis of approximately 900 zebra finch nestlings at a single site, the mean maximum temperature experienced across the first 10 days of each individuals' development (mean(SD) = 28.99 (3.01)°C, maximum = 41.44°C and minimum = 20.63°C) was used to test the effect of temperature on body size. Mean maximum temperature experienced during growth negatively affected the body mass attained by around day 12 (Table 1 ; Fig. 1 ). Tarsus length showed a negative yet nonsignificant relationship (Table 1) . Tarsus length has not typically finished growing at 12 days of age. In the wild birds measured here, we found that day 12 tarsus length is typically around 95.8% of adult tarsus length (t-test, t 253 = À8.49, P < 0.001, fledglings were compared to a random sample of 108 wild adults).
The effects of common nest environment and relatedness also suggest higher plasticity in mass than tarsus in wild zebra finches (see random factors Table 1 ). This negative covariation of body mass and maximum temperature was detected above the effect of a brood size manipulation, which corrected for seasonal variations in reproductive investment (brood size) and parental effort per offspring. In this overall data set, zebra finches reared in the hottest 20% of conditions (mean 33.2°C, range 31.2-41.4°C) were 4.1% lighter in mass than finches reared during the coolest 20% of conditions (mean 25.1°C, range 20.6-26.6°C). However, there may be variation in the quality or size of adults breeding at different times of the season and food Table 1 The LMMs for wild zebra finch mass and tarsus length. Measurements are from fledglings sampled from nest boxes at Fowlers Gap; mean fledgling age was 12.5 days. These LMMs used clutch ID (genetic relatedness) and nest ID (accounting for common environment due to cross-fostering) as random factors. Significant effects are in bold. There was a significant negative relationship between mean maximum temperature during development and body mass as we would predict but not for tarsus. For both traits, older chicks were larger as expected. Larger brood size had a negative effect on mass but not tarsus, possible due to food competition affecting condition. Nest ID explained a ten times larger proportion of the variance in mass than clutch ID, 57.2% and 6.1% respectively (ICC = interclass correlation coefficient). For tarsus length, Nest ID and clutch ID explained a similar proportion of the variance, 20.7% and 20.5%, respectively. 
quality. To address this, we used a reduced data set of offspring produced by the same pair (n = 34 pairs; n = 242 offspring) in different broods (and therefore at different times of the season). As in the full data set, there was a significant negative relationship between maximum temperature and nestling mass (Table 2) and similarly a negative relationship between nestling tarsus length and temperature, albeit a nonsignificant one (Table 2 ). For these pairs that produced two sets of offspring in different conditions, we divided broods between those that developed in the hottest (mean 30.9°C, range 26.0-34.9°C) and coolest temperatures (mean 26.7°C, range 20.9-31.2°C). For these groups, mass was 7.9% lighter, and tarsus was 0.9% shorter for the nestlings reared in the hotter conditions, compared with their full siblings reared in the cooler conditions. Wild zebra finches were sampled across three breeding seasons (2007) (2008) (2009) . The temperatures recorded for broods from 2009 were higher than 2007 (Tukey's test, diff = 1.39, P < 0.001) and 2008 (Tukey's test, diff = 1.37, P < 0.001). Interestingly, when we add year as a factor in our models, the 2009 cohort was also smaller (mass difference between 2007 vs. 2009; estimate = À0.76, t 237 = À4.399, P < 0.001), and this effect was also true for tarsus (2007 vs. 2009 ; estimate = À0.508, t 237 = À3.043, P < 0.001). There was no significant difference between 2007 and 2008 for temperature, mass and tarsus. Adding year as a categorical factor to our models did substantially reduce the AIC for mass (change in AIC = 14.67) but not for tarsus (change in AIC = 1.20). However, adding year to the models did not change how we would interpret the main results for temperature (Table 1) so it was excluded due to the collinearity between year and temperature, to improve the interpretability of the model (but can be evaluated using the Appendices S1 and S2). Due to collinearity, the two predictors would explain a shared portion of the variance in the model that is impossible to separate in this observational study.
Climate Controlled zebra finch experiment
Data from our climate controlled breeding experiment was consistent with the patterns observed in the wild. Zebra finch offspring reared at 30°C were significantly smaller at 28 days post-hatching than their full siblings reared at 18°C (Fig. 2) . In this case, temperature negatively impacted both mass and tarsus (Table 3 ). There were no significant differences at day 12 in captivity, and for adults measured after being returned to the same temperature, only tarsus length was significantly Fig. 1 Mean body mass across 7 months of observations from a wild zebra finch colony. We calculated the mean mass and mean maximum temperature for all fledgling measured within a month (n > 70 per month) across the three breeding seasons. When we ran a linear model on these data, using weights to account for different sample sizes, we found a significant negative relationship (estimate = À0.12, t 5 = À3.23, P = 0.02, adjusted R 2 = 0.61).
When we included four extra months with low sample sizes (n < 30), we still find the same relationship (estimate = À0.10, t 9 = À3.42, P = 0.008, adjusted R 2 = 0.52). Table 2 The LMMs for the wild zebra finch paired data for mass and tarsus. For this data, mean fledgling age was 12.5 days. These models only used data from 34 pairs that reared two broods in monitored nest boxes. To account for the balanced design, we used independent intercepts and slopes using an interaction between Temperature and the random factor of Pair ID. The significant fixed effects in this model are the same as the full data set (Table 1 ). Significant effects are in bold. Importantly, for mass, we found a significant negative relationship with mean maximum temperature which is consistent with the full data set but the trend is not significant for tarsus. reduced and not mass (Fig. 2) . At 28 days, zebra finches produced in the hot treatment had tarsi that were 1.2% shorter and were 5% lighter than those produced in the cool treatment. The random factor of breeding pair in these models explained 34.4% of the variance in mass and 21.8% of the variance in tarsus length. The factor of brood size was nonsignificant in both models (Tables 3) . In these captive-bred birds, day 12 tarsus was 96.6% of the final tarsus reached when fully grown (paired t-test, t 105 = À7.45, P < 0.001). Day 12 tarsus length measurements were not highly correlated with day 28 measurements (linear model, t 97 = 6.07, P < 0.0001, R 2 = 0.28), and the same was true for both day 12 and 28 mass measurements (linear model, t 97 = 6.32, P < 0.0001, R 2 = 0.29).
Discussion
Using temporal variation in weather conditions in a wild population of zebra finches, we found that fledglings that hatched during hotter periods attained less mass than those that developed during cooler periods, supporting the hypothesis that temperature negatively effects growth. However, as with other studies (Cunningham et al., 2013; Kruuk et al., 2015) , this difference in offspring size across a season might have been confounded by unmeasured parameters such as foraging conditions, differential mortality of nestlings due to an interaction between size and temperature or adult body condition, and parental investment, that may also vary temporally. This limitation is common throughout the largely observational literature that has examined Bergmann's rule. We did not find that tarsus length was significantly smaller in those nestlings that developed in hot conditions, but in these wild nestlings, we were unable to measure this skeletal measure when fully developed.
To address the limitations of work on wild birds (both in terms of not being able to measure offspring as adults, and uncontrolled sources of variation), we bred birds in experimental climates with a within-pair repeat-breeding design that enabled us to control for most genetic and parental variation, and found further support for smaller body size at higher temperatures. Offspring produced in the hot climate were smaller and Captive zebra finch growth experiment. Birds were reared at two temperatures treatments. The mean body size for the 18°C treatment is marked as squares (■) and the 30°C treatment is marked as triangles (▲). Significant differences are indicated with a star; the effect of temperature on body size was tested using LMMs (see Table 3 and Appendix S2). The offspring were measured at three time points 12 days, 28 days and adult; adult measurements of offspring were taken after birds were removed from experimental conditions and kept in neutral ambient temperatures. At 28 days old, both mass and tarsus length were significantly smaller in the high temperature treatment birds. Both are not significant at 12 days and only tarsus is significantly smaller in the high temperature birds when they were measured after the temperature treatment. Table 3 The LMMs for captive zebra finch mass and tarsus at day 28. These LMMs used breeding pair as a random factor with independent slopes using the interaction with the fixed effect of temperature. In this data set, all pairs successfully bred at both temperature treatments. Significant effects are in bold. There was a significant negative relationship between both traits and temperature as we would expect based on the results from the wild data. 
lighter at 28 days (fully grown juvenile age), than their full siblings produced in the cooler climate. Interestingly, the differences were not statistically significant when the offspring were 12 days old (although the effect size was similar to that observed in the wild). This supports the idea that the effects of heat on tarsus length are perhaps less clear at this early stage of development compared to those on body mass. Across both data sets, temperature effects were associated with reductions in size and mass, but the effects were of greater magnitude for body mass. This is consistent with much other work showing greater plasticity of body mass and lower heritability compared to skeletal measures (Alatalo et al., 1990; Jensen et al., 2003) . Similarly, a study on North American migratory birds found increases in summer temperature caused a larger percentage decline in mass (0.34% per degree Celsius) than wing chord length (0.09% per degree Celsius) across 61 species measured in summer (Van Buskirk et al., 2010) .
The results presented here show a significant proportion of the variation in body size is explained by phenotypic plasticity influenced by increasing temperatures during growth. In this, our study extends the recent work by Wada et al. (2015) that demonstrated the effect of suboptimal experimental incubation temperature on development and growth. Our experimental hot treatment of 30°C was below the optimal incubation temperature of around 37°C in this species (Zann & Rossetto, 1991) and the experimental temperatures used by Wada et al. (2015; 36.4-38.4°C) . As a result, it is unlikely that our treatment changed the incubation thermal regime of the embryos in our experiment (which was provided by the heat transferred by incubating parents). As such, our findings are most likely to reflect either the direct effect of the environmental temperature on the nestlings post-hatch, or perhaps indirectly through effects on their parents during the rearing period. It would be interesting for follow-up work to examine the extent to which the effects of temperature before and after hatching are additive or interact with each other.
Our findings are entirely consistent with the pattern described by Bergmann (1847), but in this case have not been produced by selection on adult body size. If we accept thermoregulatory advantages of large and small bodies in cold and hot environments, respectively (Mayr, 1956; Ashton, 2002) , then the plasticity observed here could be considered as adaptive because it is in the direction we would expect local adaptation to take (Ghalambor et al., 2007) . Our study did not examine selection on body size at all and therefore is unable to determine the influence of selection on changes in body size over climatic gradients. However, our results indicate that even in the absence of such selection, or indeed genetic differences between populations, clinal patterns could also be due to the plasticity that we have demonstrated. Our study indicates that the mechanisms underlying Bergmann's rule and its adaptive advantages are still not fully understood (Scholander, 1955; McNab, 1971; Partridge & Coyne, 1997) . Future studies should explore the mechanistic link between the climate experienced during development and the body size attained [or the size of extremities as predicted by Allen's rule (Allen, 1877; Symonds & Tattersall, 2010) ]. Possible mechanisms include physiological constraints (Gardner et al., 2009) , constraints on parental provisioning (Cunningham et al., 2013) and parental effects (Mariette & Buchanan, 2016) . Our study did not address any of these potential underlying mechanisms, but our data do suggest that hot temperatures affect development, and provide justification for further work addressing these possible mechanisms. Our study leads to the prediction that increasing global temperatures will generate smaller body sizes, but it remains to be tested whether this will improve their ability to adapt to a warming climate or is just the result of constraints during development (van Gils et al., 2016) . Our conclusion that high ambient temperatures affect growth and development may also lead to the prediction that breeding phenology in birds, and perhaps animals more generally, should not be timed just in relation to the abundance of resources (Both, 2010) , but also in respect to the avoidance of periods of climatic extremes (Duursma et al., 2017) .
